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Abstract
Uncleaved signal-anchor sequences of membrane proteins inserted into the endoplasmic reticulum
initiate the translocation of either the amino-terminal or the carboxyl-terminal polypeptide segment
across the bilayer. Which topology is acquired is not determined by the apolar segment of the signal but
rather by the hydrophilic sequences flanking it. To study the role of charged residues in determining the
membrane topology, the insertion of mutants of the asialoglycoprotein receptor H1, a single-spanning
protein with a cytoplasmic amino terminus, was analyzed in transfected COS-7 cells. When the charged
amino acids flanking the hydrophobic signal were mutated to residues of opposite charge, half the
polypeptides inserted with the inverted orientation. When, in addition, the amino-terminal domain of the
mutant protein was truncated, approximately 90% of the polypeptides acquired the inverted topology.
The transmembrane orientation appears to be primarily determined by the charges flanking the signal
sequence but is modulated by the domains to be translocated.
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Uncleaved signal-anchor sequences of  membrane 
proteins inserted into the endoplasmic reticulum initi- 
ate the translocation of either the amino-terminal or 
the carboxyl-terminal polypeptide segment across the 
bilayer. Which topology is acquired is not determined 
by the apolar segment of the signal but rather by the 
hydrophilic sequences flanking  it. To study the role of 
charged residues in determining the membrane topol- 
ogy, the insertion of mutants of the asialoglycoprotein 
receptor H1, a single-spanning protein with a cyto- 
plasmic  amino terminus, was analyzed in transfected 
COS-7 cells. When the charged amino acids flanking 
the hydrophobic signal were mutated to residues of 
opposite charge, half the polypeptides inserted with 
the inverted orientation. When, in addition, the amino- 
terminal domain of the mutant protein was truncated, 
approximately 90% of the polypeptides acquired the 
inverted topology. The transmembrane orientation ap- 
pears to  be primarily determined by the charges  flank- 
ing the signal sequence but is modulated by the domains 
to be translocated. 
In  proteins  inserted  into the endoplasmic reticulum (ER),’ 
two topogenic determinants have been characterized signal 
sequences, which target protein synthesis to the ER and 
initiate membrane insertion, and stop-transfer sequences, 
which halt further translocation across the bilayer (Blobel, 
1980; Sabatini et al., 1982; Wickner and Lodish, 1985; Verner 
and Schatz, 1988). An essential  feature of both elements is a 
hydrophobic segment of sufficient length, 7-15 residues in 
cleaved signals, and approximately 20 residues in uncleaved 
signals and  stop-transfer sequences (Garoff, 1985;  von Heijne, 
1985; Kaiser et al., 1987; Spiess and  Handschin, 1987;  Adams 
and Rose, 1985; Davis and Model, 1985). Analysis of chimeric 
proteins showed that in many instances signal and stop- 
transfer sequences are interchangeable (Audigier et al., 1987; 
Zerial et al., 1987; Finidori et al., 1987; Rothman et al., 1988; 
Haeuptle et al., 1989; Spiess et al., 1989). Also, the function 
of a hydrophobic segment and  its  orientation  in the membrane 
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chain reaction; PBS, phosphate-buffered saline; SDS, sodium dodecyl 
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is determined by its relative position within the polypeptide 
(Wessels and Spiess, 1988; Lipp et al., 1989). However, the 
initial signal-anchor sequence of uncleaved membrane pro- 
teins can insert in either one of the two  possible transmem- 
brane  orientations, with its amino terminus facing either  the 
cytoplasm (Neyl/Cexo rientation) or the exoplasmic medium 
(N,,,/C,t orientation). Examples are the transferrin receptor 
and  the anion exchange protein band 3 (Schneider et al., 1984; 
Kopito and Lodish, 1985) for proteins with an Ncyt/Cexo inser- 
tion signal, and cytochrome P-450 and opsin (Sakaguchi et 
al., 1987; Ovchinnikov, 1982) for proteins with an NeXo/CCyt 
insertion signal. Exchanging the hydrophobic segments of 
such signal-anchor sequences for other apolar transmembrane 
segments was found not to affect the topology of the resulting 
protein regardless of the orientation these segments normally 
have in  their original proteins (Audigier et al., 1987;  Zerial et 
al., 1987). This indicates that the hydrophilic flanking se- 
quences rather than the hydrophobic portion of a signal 
determine whether the amino- or the carboxyl-terminal do- 
main of a polypeptide is translocated across the membrane. 
The cytoplasmic flanking sequences of transmembrane seg- 
ments are characteristically enriched in positively charged 
amino acids (the “positive-inside rule” proposed by  von 
Heijne, 1986; von Heijne and Gavel, 1988). Experimentally, 
it has been shown for cytochrome P-450 and derivatives, 
which normally have an Nexo/Ceyt orientation, that insertion 
of positively charged residues amino-terminal to  the un- 
cleaved signal anchor sequence can affect its  transmembrane 
orientation in vitro (Monier et al., 1988; Szczesna-Skorupa 
and Kemper, 1989). Similarly, in bacteria, which share many 
features of the eukaryotic insertion system, deletion of a 
positively charged cytoplasmic loop segment of leader pepti- 
dase, an N,,,/C,,, 2-fold membrane-spanningprotein, resulted 
in the reversed Ncyt/Ccyt topology (von Heijne, 1989). 
Recently, Hartmann et al. (1989) have performed a  statis- 
tical analysis of the charge distribution in the flanking se- 
quences of the most amino-terminal  transmembrane segment 
of 91 eukaryotic proteins with uncleaved signals. A striking 
correlation was found between the transmembrane  orienta- 
tion of this sequence and  the charge difference between the 
15 carboxyl-terminal and the 15 amino-terminal flanking 
residues (illustrated in Fig. 1). A negative charge difference 
[A(C - N) < 01 always correlated with an Ncyt/Cexo orienta- 
tion;  a positive difference [A(C - N) 2 01 correlated with an 
Nexo/Ccyt orientation except in three cases. 
To test whether this correlation reflects a causal relation- 
ship  and to examine the influence of charges on membrane 
insertion, we have analyzed the insertion behavior of a series 
of mutants of the asialoglycoprotein (ASGP) receptor subunit 
H1, a single-spanning normally Ncyt/Cexo protein (Spiess et 
al., 1985; Spiess and  Handschin, 1986). Mutation of charged 
residues flanking the apolar core of the signal-anchor segment 
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974 Determinants of Membrane Protein Topology 
to  amino acids  with  opposite charge was indeed found  to be 
sufficient to cause insertion  with  the  inverted, Nexo/Ccyt ori- 
entation  in a significant fraction of the polypeptides. 
EXPERIMENTAL PROCEDURES 
DNA Constructs-Modifying and restriction enzymes and linkers 
were purchased from Stehelin AG (Basel) and New England Biolabs. 
Site-directed mutagenesis (using the kit by Amersham Corp.) was 
performed using the HindIII-BamHI fragment of pSAl  (containing 
the cDNA of the ASGP receptor H1; Spiess et al., 1985; Spiess and 
Lodish, 1986) subcloned into M13mp19 as the template and the 
oligonucleotides (prepared on an Applied Biosystems 380B DNA 
Synthesizer) GAGCAGAGAXCTGCAGGAG and CAGGAG- 
GAGGEAGGTCCGGA to mutate Ar$* to Asp and Arg4" to Asp, 
respectively (the mismatched nucleotides are underlined). Using the 
BQ~HI-EcoRI fragment of pSAl subcloned into M13mp19 as a 
template, Glu@ and Glu6'  were both changed to Arg using the oligo- 
nucleotide CAGCTGCAG_AAGAAGCTGCGG. Successfully mutated 
M13 clones were identified by DNA sequencing. Wild-type and mu- 
tant DNA segments were ligated into pSP64 to generate the series of 
plasmids pSA1-1 to -4 encoding the proteins shown in Fig. 2 4 .  
The same series of constructs was prepared with a deletion of 
residues 4-33, corresponding to a large portion of the amino-terminal 
domain, and were named pSAlA-1 to -4 (Fig. 2B). The HindIII- 
BamHI insert fragments of pSA1-1 and pSA1-2 were subcloned into 
pSP64 and  then digested with Sty1 (cutting at  codon 3). The ends 
were  filled in with Klenow and ligated to  PstI linkers (GCTCGAGC). 
Upon digestion with PstI, which released a fragment from the new 
PstI site to  the one encompassing codons 32 and 33, and blunting the 
ends with T4 DNA polymerase, the plasmids were re-ligated. Finally, 
these deleted HindIII-BamHI  5' fragments were ligated to  the 
BQ~HI-EcoRI 3' fragments of pSA1-1 and pSA1-3 to generate the 
pSA1A-# series. 
To introduce a  potential  site for N-glycosylation (Asn-X-Ser/Thr) 
in the cytoplasmic domain as well as 2 methionine residues to allow 
detection of [3SS]methionine-labeled amino-terminal receptor frag- 
ments,  a DNA sequence encoding Met-Thr-Met was inserted between 
the codons for Asn" and Glu13. The HindIII-BamHI cDNA fragment 
of the plasmids pSAl was subcloned into M13mp18 to serve as a 
template for polymerase chain reaction (using the PCR kit, Ampli- 
Taq,  and  the DNA Thermal Cycler by Perkin-Elmer-Cetus).  Insertion 
mutagenesis was performed by overlap extension according to Ho et 
al. (1989). The primers used were the oligonucleotide AATATGAC- 
CATGGAGGACAGTGACCAC in combination with the M13 se- 
quencing primer, and CTCCATGGTCATATTGTCCAGATGCTG 
N 
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FIG. 1. Correlation of flanking charges with transmem- 
brane orientation of signal-anchor sequences. A graphic repre- 
sentation of the net charges of the 15 amino- and carboxyl-terminal 
residues flanking the first  transmembrane domain on the polypeptide 
is shown for the 91 natural membrane proteins analyzed by Hartmann 
et d .  (1989). Proteins with an  Ncfi/Cexo  orientation for this domain 
are represented by  closed circles, and  those with an Nero/Cefi  orienta- 
tion by open  circles. The grey diagonal is the line where A(C - N) = 
0. The positions for the ASGP receptor constructs used in this study 
(shown in Fig. 2) are indicated by stippled squares and  the numbers 
1-4 for the  constructs  Al-#,  and Al-A4  for constructs  Ala-#. 
with the reverse sequencing primer (the annealing temperature was 
45 "C; underlined are  the complementary nucleotides of the mutagenic 
oligos). The resulting 3' and 5' fragments were gel-purified and fused 
in a second polymerase chain reaction using the sequencing and 
reverse sequencing primers (annealing  temperature 45 "C).  The fu- 
sion product of -300 base pairs was digested with HindIII and BamHI 
and ligated to the BQ~HI-EcoRI fragment of either pSA1-1 or pSA1- 
3 to generate pSAl-lg  and pSAl-3g ("g" indicates the glycosylation 
site generated by the insertion). The same procedure was performed 
starting out with the HindIII-BamHI fragment of pSA1-2 to generate 
the plasmids pSAl-2g and pSAl-4g. 
In Vivo Expression and Analysis of Receptor  Constructs-For 
expression in COS-7 cells, the HindIII-EcoRI inserts of the plasmids 
pSA1-#, pSA1A-#, and pSA1-#g were ligated into  the vector pECE 
(Ellis et QL, 1986). Transfection was performed according to Cullen 
(1987) in 6-well clusters and the cells were processed the second day 
after transfection. 
For in uiuo labeling, transfected cells were starved  in methionine- 
free medium for 30 min, incubated with 100 pCi/ml [3sS]methionine 
in starvation medium for 30 min, transferred to 4 "C, and washed 
twice  with phosphate-buffered saline (PBS).  To extract cytoplasmic 
proteins, the cells were incubated with 500  pl/well of 0.1% saponin 
in PBS for 30 min at  4 "C. This saponin  extract was removed and 
the cells were  lysed. Both fractions were immunoprecipitated using a 
rabbit  antiserum directed against a  synthetic peptide corresponding 
to residues 277-287 near the carboxyl terminus of the ASGP receptor 
H1 or a  rabbit  antiserum  against the isolated human receptor. The 
immune complexes were isolated with protein A-Sepharose (20 p l /  
sample) and released by boiling  for 2 min in 100  pl of 50 mM sodium 
citrate, pH 6, 1% SDS. Half the samples were incubated with 3 
milliunits of endo-P-N-acetylglucosaminidase H (endo H; from Boeh- 
ringer Mannheim) for 3 h at 37 "C. Finally, all samples were  boiled 
in SDS sample buffer and analyzed by 15% SDS-polyacrylamide gel 
electrophoresis (Laemmli, 1970). The gels  were  fixed, soaked in 1 M 
sodium salicylate containing 1% glycerol, dried, and fluorographed 
on Kodak XAR-5 film. 
Alternatively, the transfected cells were scraped into 1 ml  of PBS/ 
well, homogenized in a 1-ml Dounce homogenizer, pelleted in an 
Eppendorf centrifuge for 10 min, and resuspended in 200 pl of PBS. 
Protease digestion was performed by incubating  an aliquot with 0.1 
volume of 0.5 mg/ml TPCK-treated trypsin for 45 min on ice. The 
reaction was terminated by addition of  10 mM phenylmethylsulfonyl 
fluoride (500 mM in dimethyl sulfoxide). Alkaline extraction was 
performed as described by Gilmore and Blobel (1985). All samples 
were  boiled in gel sample buffer, fractionated by SDS-polyacrylamide 
gel electrophoresis, transferred to nitrocellulose filters according to 
Towbin et al. (1979) which were then probed with the H1-specific 
antiserum, followed by incubation with 1251-protein A (lo6 cpm/ml) 
and autoradiography. 
RESULTS 
The wild-type ASGP receptor H1 is a single-spanning mem- 
brane  protein  with  an  amino-terminal  domain of 40 residues 
exposed to  the  cytoplasm  and a large, glycosylated carboxyl- 
terminal  domain of 231 residues on  the exoplasmic side of the 
membrane.  The  transmembrane  segment of 20 residues has 
been  shown to function as an uncleaved signal sequence to 
target protein synthesis to the endoplasmic reticulum and 
initiate  membrane  insertion  (Spiess  and Lodish, 1986). The 
amino-terminal sequence is shown in Fig. 2 ( A l - I ) .  There is 
a charge difference of -3 between the  carboxyl-terminal 15 
residues and the amino-terminal 15 residues flanking the 
signal-anchor sequence (with net charges of -1 and +2, 
respectively). By the charge difference prediction method 
(Hartmann et al., 1989), it is  correctly  predicted  to have an  
Ncyt/Cexo rientation  (number 1 in Fig. 1). The two charges 
preceding the  transmembrane  segment  are positive, Arg4' and 
A r e ,  the first two following it are negative, G1u6' and Glu6'. 
By mutation of the 2 arginines  to  aspartic acid  residues and/ 
or of the 2 glutamic acids to  arginines,  three  mutant  receptors 
were constructed which have values of A(C - N )  > 0 (Fig. 
2.4, and  numbers 2-4 in Fig. 1). To analyze their insertion 
behavior, the wild-type and  mutant  cDNAs were transfected 
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FIG. 2. Sequences of ASGP recep- 
tor mutants. A, the amino-terminal  se- 
quence including the apolar signal-an- 
chor domain of wild-type ( w t )  and mu- 
tant ASGP receptor proteins  is shown. 
The net charge of the flanking sequences 
(underlined) are indicated and  the 
charged residues that are mutated in 
some constructs are highlighted. B,  the 
same series of mutants containing an 
additional deletion of residues 4-33. C, 
by inserting  Met-Thr-Met between 
Asn" and GIuI3, a  potential  site for N -  
glycosylation (denoted by an asterisk) 
was introduced into  the amino-terminal 
domain of the proteins shown in A. 
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FIG. 3. Expression of receptor mutants in COS-7 cells. COS-7 cells were transfected with cDNAs of the 
receptor mutants  (the numbers 1-4 indicating the  mutants Al-1  to A1-4, and AI-A4 indicating mutants AlA-1 to 
A1A-4, shown in Fig. 2). As a  control, the cDNA of the deletion mutant A1-M, which lacks the signal domain (as 
described by Spiess and Lodish, 1986), was transfected as well (-M). The cells were metabolically labeled with 
[",'S]methionine for 30 min, washed, and  then extracted for 20 min at  4 "C with 0.1% saponin. The saponin extract 
(S )  and  the lysed cells (C) were immunoprecipitated with a receptor-specific antiserum. Aliquots of the saponin 
extract or of the lysed cells were deglycosylated with endo H (SH and CH, respectively). The samples were analyzed 
by  gel electrophoresis and fluorography. The positions of marker  proteins are shown with their molecular masses 
indicated in kilodaltons. 
into COS-7  cells  for transient expression. Upon insertion into 
the ER, polypeptides with the normal Ncyt/Cexo rientation 
are expected to be N-glycosylated at  two sites in the carboxyl- 
terminal domain (Spiess and Lodish,  1986) and  thus can be 
distinguished from polypeptides inserted in the opposite ori- 
entation or not at  all. In addition, proteins not associated 
with membranes can be released  from the cells by permeabil- 
izing the membranes with 0.1% saponin. 
After  labeling the cells with [35S]methionine for  30 min and 
extraction with saponin, both the  extract  and  the  rest of the 
cells were immunoprecipitated using a receptor-specific anti- 
serum and analyzed by SDS-gel electrophoresis and fluorog- 
raphy (Fig.  3). As expected  from earlier studies (Schwartz and 
Rup, 1983; Spiess and Lodish, 1986; Shia  and Lodish, 1989), 
the wild-type receptor Al-1 was synthesized as a high-man- 
nose  glycosylated  40-kDa protein that could  be  deglycosylated 
to a 34-kDa  form by treatment with endo H (Fig.  3, lanes 2- 
4) .  The mutant proteins AI-2  and A1-3  were indistinguishable 
from the wild-type (lanes 5-10), except for a small fraction of 
2-3%  of AI-2 that was made as the unmodified 34-kDa 
polypeptide and was detectable only after longer exposures of 
the fluorographs. The 4-fold mutant A1-4,  however,  was syn- 
thesized to almost equal amounts as  the 34-kDa and  the 40- 
kDa forms (lanes 11-13). Both forms were associated with 
the membrane, since they were not extracted with 0.1% sap- 
onin but remained cell-associated. Under the same conditions, 
the control protein A1-M, a deletion mutant of the ASGP 
receptor lacking residues 34-67  which include the signal se- 
quence required for membrane insertion (Spiess and Lodish, 
1986),  was completely recovered in the saponin extract (lanes 
26-28). The two forms of A1-2 and A1-4 are therefore most 
likely integrated in the membrane, the glycosylated one with 
an Neyt/Cexo orientation,  and the unglycosylated one with the 
opposite Nexo/Ccyt orientation. 
To characterize not only the newly synthesized polypep- 
tides but the total population of receptor proteins, the  trans- 
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976 Determinants of Membrane Protein Topology 
fected COS-7  cells  were subjected to Western blot analysis, 
shown in Fig. 4. As expected, the majority of the wild-type 
receptor Al-1 had matured to a 46-kDa protein with complex 
oligosaccharides that  are resistant to endo H digestion (Fig. 
4A, lanes 1 and 2), indicating intracellular transport  through 
the Golgi complex. As judged by antibody binding to  intact 
cells, the protein also reached the plasma membrane (data 
not shown). In addition, there  is a smaller population of the 
high-mannose glycosylated, endo H-sensitive form of 40 kDa, 
corresponding to proteins in the early export pathway. Mu- 
tation of the carboxyl-terminal charges in A1-3 did not have 
any detectable effect on insertion, processing, and  intracel- 
lular transport of the protein. It was  largely converted to  the 
complex  glycosylated, endo H-resistant form (lanes 5 and 6), 
and was transported to the cell surface (not shown). The 
products of  A1-2 and A1-4, however,  could not be detected by 
antibody binding to  the cell surface (not shown). Their gly- 
cosylated forms did not  mature  and remained endo H-sensi- 
tive (Fig. 4A, lanes 3, 4, 7, and 8), which is  consistent with 
retention of these  constructs in the  ER or in an early Golgi 
compartment. Approximately 50% of the  mutant protein A l -  
4 was not glycosylated.  Upon alkaline extraction, which dis- 
rupts  the membranes and dissociates peripheral proteins, all 
receptor polypeptides, including the unglycosylated form of 
A1-4, fractionated with the membrane pellet (Fig. 4C, lanes 
1-8). All products were thus integral membrane proteins. The 
control protein A1-M,  however,  which lacks the signal-anchor 
domain (residues 34-67),  was  recovered predominantly in the 
supernatant fraction (lanes 17 and 18). 
To confirm the orientation of the proteins  in the bilayer, 
homogenized  cell membranes were incubated with trypsin to 
digest the protein segments exposed on the surface of the 
vesicles. Essentially all of the wild-type receptor Al-1 was 
resistant to trypsin digestion except for its amino-terminal 
domain, resulting in a  shift  in  apparent molecular mass cor- 
responding to approximately 3 kDa (Fig.  4B, lanes 1 and 2). 
This is  in agreement with the known  topology of the wild- 
type receptor and, in addition, indicates that  the vast majority 
of membrane vesicles cytoplasmic-side-out. The glycosylated 
forms of the  mutant proteins were also reduced in size by only 
1 2 3  4 A1 A2 A3  4 - 
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FIG. 4. Processing, membrane association, and protease 
sensitivity of receptor  mutants  expressed  in COS-7 cells. COS- 
7 cells were transfected with cDNAs of the indicated receptor mutants 
(abbreviated as in Fig. 3). The cells were homogenized and the 
membranes recovered by centrifugation. An immunoblot analysis 
using a receptor-specific antiserum is shown of untreated (-) and 
endo H-digested (H) membranes ( A ) ,  and of untreated (-) and 
trypsin-digested (7') membranes ( B ) .  After incubation of membranes 
at  pH 11.5, the high-speed membrane pellet (P) and  the  supernatant 
( S )  were analyzed ( C ) .  The mutant A1-M that lacks the signal- 
anchor domain was  used as a  control ("). 
3 kDa, confirming an N,,/C,,, orientation (lanes 3-8). The 
unglycosylated form of A1-4,  however, was digested to small 
fragments not recovered on 15% polyacrylamide gels. This is 
consistent with an inverted, Nexo/Cc, orientation,  in which 
the large carboxyl-terminal domain of the protein is exposed 
to  the protease and  the expected protected fragment consists 
of only -70 residues. If the membranes were disrupted by 
detergent, all receptor products were completely digested by 
trypsin (not shown). 
To demonstrate directly the Nexo/Ccyt membrane-spanning 
topology of the unglycosylated form of  A1-4,  we prepared a 
series of receptor mutants, termed Al-#g,  containing  a poten- 
tial  site for N-glycosylation in the amino-terminal domain. 
The tripeptide  Met-Thr-Met was inserted between Asn" and 
Glu13 (Fig. 2C), thus creating the sequence Asn-Met-Thr 
which is potentially recognized by oligosaccharide transferase 
in the  ER lumen. The 2 additional methionine residues were 
inserted to allow metabolic labeling of the fragment predicted 
to be resistant  after protease digestion. Polypeptides inserted 
in the Nexo/Cc, orientation  are expected to be  glycosylated at  
this new site  near the amino terminus, while their carboxyl- 
terminal domains are digestable by protease added from the 
cytoplasmic side of the membrane. Upon metabolic labeling 
and immunoprecipitation (Fig. 5A) ,  25% of AI-2g and 70% 
of Ai-4g were indeed glycosylated only once, and  after  trypsin 
treatment of microsomes the expected small trypsin-resistant 
fragment of A1-4g with an apparent molecular mass of 18 
kDa could  be observed (Fig. 5B, arrowhead). The weakness 
of the signal obtained reflects the low methionine content of 
the fragment as well as relatively poor recovery of this mu- 
tated  and glycosylated peptide by our  antiserum. This 18-kDa 
fragment was not generated from Al-lg. 
Our results show that changing the flanking charges of an 
internal signal sequence indeed affected the orientation of the 
protein  in the membrane. Yet, the behavior of our  constructs 
does not completely agree with the charge difference predic- 
tion. The  mutants  AI-2  and A1-3, although having a charge 
difference A(C - N) = +1, have retained the orientation of 
the wild-type receptor almost completely. Even A1-4, with a 
strongly positive charge difference of +5, acquired the in- 
verted orientation in only 50% of the cases. It seems that 
A 1q 29 3q 1 B  
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FIG. 5. Expression of mutants with an additional glycosyl- 
ation site in the  amino-terminal  domain. A, cDNAs encoding the 
mutant series Al-#g were transfected into COS-7 cells, and  the cells 
were labeled with [:''S]methionine, extracted with saponin, and im- 
munoprecipitated as described in the legend to Fig. 3 ( S ,  saponin 
extract; C, lysed cells; SH and CH, endo H-digested aliquot of saponin 
extract and lysed cells, respectively). B, cells transfected with the 
cDNAs encoding Al-lg  and A1-4g  were labeled with [%]methionine, 
homogenized, and  then incubated  without (-) or with (7') trypsin a t  
4 "C. After inactivation of the protease with phenylmethylsulfonyl 
fluoride, receptor protein was immunoprecipitated with a receptor- 
specific antiserum, fractionated on a 20% polyacrylamide gel, and 
fluorographed. The arrowhead indicates an 18-kDa trypsin-resistant 
fragment derived from A1-4g that is not obtained from Al-lg.  The 
positions of marker  proteins are shown with their molecular masses 
indicated in kilodaltons. 
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung on Septem









Determinants of Membrane  Protein Topology 977 
other  features in addition to  the flanking charges also affect 
the decision whether the sequence amino-terminal or car- 
boxyl-terminal to  the apolar domain of the signal is translo- 
cated. A likely candidate which  could influence this decision 
is the amino-terminal domain. Being already folded when 
insertion  takes place, it might inhibit  its own translocation. 
This hypothesis is supported by the finding that  the insertion 
of three residues into the amino-terminal domain, which is 
likely to affect the conformation, increased the fraction of 
polypeptides with an Nexo/Ce, orientation from less than 3% 
in A1-2 to 25% in A1-2g and from 50% in A1-4 to 70% in Al- 
4g (Figs. 3 and 5). 
To investigate further  the potential effect of the amino- 
terminal domain, we prepared a series of mutants, called AlA- 
#, in which residues 4-33 were deleted and replaced by a single 
alanine (Fig. 2B). Constructs AlA-1 and AlA-3 expressed in 
COS-7 cells were inserted exclusively with the wild-type Nc*/ 
C,,, orientation  as predicted by their charge difference values 
(Fig. 1, numbers AI and A3). They were  twice  glycosylated in 
their carboxyl-terminal domain and resistant to protease 
added from the cytoplasmic side of the microsomes (Figs. 3 
and 4). Neither by saponin extraction nor by alkali treatment 
were they extracted from the membrane, indicating stable 
integration in the bilayer. Mutant Ala -2  has a charge differ- 
ence of -1 and would be predicted to have an Nc,/Cero 
orientation. Nevertheless, 55% of the products, although in- 
tegrated into the membrane, remained unglycosylated and 
protease-sensitive, indicating an inverted orientation. Finally, 
A1A-4, with a charge difference of +3, is inserted efficiently 
with almost 90% of the proteins in the Nexo/Cc, orientation. 
I t  appears that  the orientation of amino-terminally  truncated 
constructs is  more strongly affected by mutation of the flank- 
ing charges. 
DISCUSSION 
The charges flanking the  internal signal-anchor sequence 
of the ASGP receptor H1 are typical for insertion sequences 
with an Nc,/Cexo orientation: the amino-terminal flanking 
segment is positively charged and  the carboxyl-terminal neg- 
ative. This  protein conforms with the positive-inside rule (von 
Heijne and Gavel, 1988) and  its  orientation is also correctly 
predicted by the charge difference method (Hartmann et al., 
1989). Changing the 2 charged residues preceding the apolar 
transmembrane segment and/or the two charges following it 
to amino acids of opposite charge produced three mutants 
(Al-2, A1-3,  A1-4) suitable to test whether the observed 
correlations between charge distribution  and  orientation  are 
based on a causal relationship. A second series of mutants 
was created by truncating  the amino-terminal polar segment 
from 40 residues to 11 (AlA-#) to study the influence of the 
domain preceding the insertion signal on membrane integra- 
tion. 
Our results clearly show that changing the flanking charges 
affects the  orientation the polypeptides acquire in the mem- 
brane. Yet, the results cannot be explained simply by the 
positive-inside rule. A1-2 is an exceptional construct  in  this 
respect, since both its flanking domains are negatively charged 
(unlike any  other  protein analyzed by Hartmann et al., 1989; 
Fig. 1); it is nevertheless efficiently inserted into the ER, 
almost completely with the wild-type Neyt/Cexo rientation. 
Also the charge difference method is inadequate to predict 
the orientation of several constructs, in particular  those with 
a small charge difference (Al-2, A1-3, A1A-2). In addition, 
several mutants did not  insert with a unique orientation,  as 
is the case for natural  proteins,  but yielded  two populations 
of opposite topology. Similar observations have been made 
previously with chimeric proteins (Monier et al., 1988; Parks 
et al., 1989). 
Our results can be summarized by the following  four points. 
1) Changing only the first 2 charged residues at  the carboxyl 
terminus of the signal-anchor sequence (Al-3, A1A-3) had no 
significant effect on insertion or transport to the plasma 
membrane. 2) Changing only the first 2 charged residues 
toward the amino terminus (Al-2,  AlA-2), however,  blocked 
transport of the  mutant  to  the cell surface, possibly by dis- 
turbing the correct oligomerization of the protein that might 
be required to exit the ER (Shia  and Lodish, 1989). In addi- 
tion,  a fraction of these  mutants  inserted  into  the membrane 
with the inverted, Nexo/Ceyt orientation. 3) Changing both the 
amino-  and the carboxyl-terminal flanking charges consider- 
ably increased the fraction with this inverted orientation (Al- 
4, A1A-4). 4) Changes in the amino-terminal domain in- 
creased the sensitivity of membrane topology to mutations of 
the flanking charges. Only 2-3% of A1-2 and 50% of A1-4, 
with the full-size amino-terminal domain, acquired an Ne,,/ 
C,, orientation, while 55% of A1-2 and 90% of AlA-4, with a 
truncated amino terminus, did. The proteins with a tripeptide 
insertion within the amino-terminal domain displayed an 
intermediate behavior: 25% of A1-2g and 70% of A1-4g trans- 
located the amino-terminal domain. This suggests that  the 
original amino-terminal domain of the receptor is not easily 
translocated, possibly because of its secondary structure.  In- 
sertion of the sequence Met-Thr-Met  after position 12 might 
destabilize this  structure  and facilitate its translocation across 
the membrane. 
Based on these  data, we suggest a model  where the flanking 
charges are primarily responsible for orienting the signal 
domain within the translocation machinery. Yet, the signal 
may still be able to reorient if the polypeptide segment to be 
transported is not readily translocated. In particular the 
amino-terminal domain, which at  the time the signal initiates 
the insertion process is already completed and probably 
folded,  may not be competent for efficient translocation.  In 
addition to a preferred arrangement of the signal in the 
translocation machinery, there might be a competition be- 
tween translocation competence of the segments at both sides 
of the signal sequence, as suggested by Hartmann et al. (1989). 
This could explain why only partial inversion of the orienta- 
tion was obtained in  our receptor constructs  and in several 
other chimeric proteins.  Natural  proteins most likely  evolved 
to be devoid of inefficiently translocated sequences in the 
segments to be transferred,  and possibly even to contain such 
inhibitory features in cytoplasmic domains to ensure a unique 
topology. 
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